The Us5 gene of herpes simplex virus (HSV) encodes glycoprotein J (gJ). The only previously reported function of gJ was its ability to inhibit apoptosis. However, the mechanism by which gJ prevents apoptosis is not understood, and it is not known whether gJ mediates additional cellular effects. In this study, we evaluated the expression, localization, and cellular effects of Us5/gJ. Us5 was first expressed 4 h after infection. gJ was detectable at 6 h and was expressed in glycosylated and unglycosylated forms. Us5 was regulated as a late gene, with partial dependency on DNA replication for expression. Us5 expression was delayed in the absence of ICP22; furthermore, expression of Us5 in trans protected cells from apoptosis induced by an HSV mutant with deletion of ICP27, suggesting that the antiapoptotic effects of ICP22 and ICP27 are mediated in part through effects on gJ expression. Within HSVinfected or Us5-transfected cells, gJ was distributed widely, especially to the endoplasmic reticulum, trans-Golgi network, and early endosomes. gJ interacted with F o F 1 ATP synthase subunit 6 by a yeast two-hybrid screen and had strong antiapoptotic effects, which were mediated by protein rather than mRNA. Antiapoptotic activity required the extracellular and transmembrane domains of gJ, but not the intracellular domain. Consistent with inhibition of F o F 1 ATP synthase function, Us5 was required for HSV-induced reactive oxygen species (ROS) formation, and gJ was sufficient to induce ROS in Us5-transfected cells. Thus, HSV gJ is a multifunctional protein, modulating other cellular processes in addition to inhibition of apoptosis.
Herpes simplex virus (HSV) has at least 84 genes, which are expressed in a tightly regulated fashion during the viral replication cycle (41) . The immediate-early (IE, or ␣) genes are involved in transactivation and regulation of viral gene synthesis (with the notable exception of Us12, which mediates immune evasion by downregulation of major histocompatibility complex class I). The early (E, or ␤) genes are mainly involved in nucleotide metabolism and viral DNA replication. The late (L, or ␥) genes of HSV mainly encode structural proteins, either facilitating the assembly of newly synthesized virions or incorporated into the virion itself. Among the late gene products are the HSV glycoproteins. Most of the HSV glycoproteins have been well characterized in terms of expression class, cellular localization, and function. However, the glycoprotein encoded by the Us5 gene, glycoprotein J (gJ), has been much less carefully studied. The only reported function of gJ is its ability to inhibit apoptosis (3, 27, 28, 47) . The mechanism by which gJ prevents apoptosis is unclear, and it is not known whether gJ might mediate additional effects in HSV-infected cells.
The Us5 open reading frame was originally identified by McGeoch et al. as a result of their sequencing of the unique short region of HSV (35) . The predicted glycoprotein was subsequently designated gJ (40) . However, it was not until 1998 that Us5 was demonstrated to encode a glycoprotein (17) . Shortly thereafter, our group demonstrated that viruses with deletion of Us5 were defective in the ability to prevent UV-or anti-fas-induced apoptosis (28) . In a different system, Zhou et al. demonstrated that expression of gJ or gD in trans was able to prevent apoptosis induced by mutant virus with deletion of gD (47) . We have subsequently shown that gJ contributes to the protection of infected cells from apoptosis induced by cytotoxic T lymphocyte killing mechanisms (3, 27) and that gJ expressed in isolation is sufficient to mediate the protective effect (27) .
In this study, we investigate the cellular localization and targets of gJ and its effects on cellular function. We report that Us5 is regulated as a ␥1, or leaky late, gene. gJ is produced in small amounts during viral infection and localizes to membranes in multiple compartments throughout the cell. By the yeast two-hybrid assay, gJ interacts with subunit 6 of F o F 1 ATP synthase. Consistent with expectations for a molecule disrupting ATP synthase activity, gJ is sufficient to induce reactive oxygen species (ROS) formation in transfected cells and is necessary for ROS generation in HSV-infected cells. These findings demonstrate that gJ is a multifunctional protein in HSV-infected cells and is likely to play an important role in modification of the infected host cell to maximize viral replication.
MATERIALS AND METHODS

Cells. Jurkat cells (American Type Culture Collection [ATCC]
, Manassas, VA) were cultured in RPMI supplemented with 10% fetal calf serum (FCS). RAW264.7, HEp-2, and Vero cells (ATCC) were maintained in Dulbecco's the pBSKS3.52XhoI in place of the Us5 sequences. To achieve this replacement, the Us5-3FLAG sequences were amplified from pCMVUs5-3FLAG by PCR using the primers 5Ј CTGCCCACTTGGCAGTACATCAAGTGTATC 3Ј and 5Ј TTAAGGTACGTCGACCTATTTATCGTCATC 3Ј, followed by digestion with SacI and SalI. The SacI-SalI PCR fragment containing Us5-3FLAG sequences was introduced into the SacI and XhoI sites of pBSKS3.52XhoI, generating pBSKSUs5-3FLAG.
pCMV-mycUs5 and pCMV-HAUs5 were constructed by introducing into the SalI and EcoRI sites of the pCMV-c-myc and pCMV-HA vectors an EcoRI-SalI DNA fragment containing the Us5 sequences from HSV-1 strain 17 ϩ that had been previously cloned into pGBKT7-Us5. pCMV-myc-mUs5 was generated by site-directed mutagenesis in pCMV-mycUs5 using a QuickChange II site-directed mutagenesis kit (Stratagene) according to the manufacturer's directions. The start codon of Us5 was changed from ATG to ACAC using the following complementary primers: 5Ј GTTCTGTGTGTCACGACACTCTCTGCGC GCAG 3Ј and 5Ј CTGCGCGCAGGAGTGTCGTGACACACAGAAC 3Ј.
The various plasmids for the expression of the c-myc-tagged truncated forms of gJ were generated by PCR of the Us5 sequences encoding the truncated gJ proteins using pCMV-c-mycUs5 as a DNA template, followed by cloning of the PCR products into EcoRI and XhoI restriction sites of the pCMV-c-myc vector. The following primers were used to generate the different PCR products; DS-US5-1UP (5Ј ATGGAGGCCCGAATTCGCGTT 3Ј), DS-US5-74LO (5Ј TCTA TCTCGAGTTAACGCAGGAGCTCAAGCAGACA 3Ј), DS-US5-52LO (5Ј TGTATCTCGAGTTAGACGGCAAAGCCCCCCAGG 3Ј), DS-US5-25UP (5Ј GATTTGAATTCGACCTGCGGCCAACACAAC), DS-US5-50UP (5Ј GATT TGAATTCTTGCCGTCCCCCTCGTAGT 3Ј), and DS-US5-92LO (5Ј TGTAT CTCGAGTTATACGACAACTGGGTCCATGTAG 3Ј). The following primer pairs were used to clone the coding sequences of the truncated form of gJ: DS-US5-1UP and DS-US5-74LO for gJ(1-74), DS-US5-1UP and DS-US5-52LO for gJ(1-52), DS-US5-25UP and DS-US5-92LO for gJ , DS-US5-25UP and DS-US5-74LO for gJ , and DS-US5-50UP and DS-US5-92LO for gJ(50-92). The Us5 sequences and the presence of the tag in all of the plasmids generated were confirmed by sequencing.
Real-time RT-PCR. Total RNA was isolated from Vero cells infected at a multiplicity of infection (MOI) of 5 for the indicated times, using the Qiagen RNeasy kit. After DNase I treatment for 10 min at 65°C, RNA templates were reversed transcribed in the presence of oligo(dT) and random decamers using a RETROscript kit according to the manufacturer's recommendations (Ambion). Controls without reverse transcriptase (RT) were performed in parallel. cDNAs obtained from reverse transcription reactions (without RT and with RT) were amplified by real-time PCR using Brilliant SYBR green QPCR master mix (Stratagene) with primers Us5bR (5Ј GCCGGATCCCCGACATCACCCACG CGGAGAAG 3Ј) and Us5treF (5Ј GGTGAATTCGCGTTCTGTGTGTCACG ATGTCTCT 3Ј) at 150 nM each, under the following conditions: 95°C for 10 min and 40 cycles of 95°C for 30 s and 1 min at 68°C. After amplification, automated melting curve analysis was performed (95°C for 15 s, ramping to 60°C for 1 min, and 95°C for 15 s). The fluorescence data were collected during the extension step at 68°C, and the fluorescence curve, along with the cycle threshold values, was obtained using System Detection Software (SDS 1.3) for the ABI7500 real-time PCR system (Applied Biosystem). For visualization, PCR products were resolved on a 1.5% agarose gel and stained with ethidium bromide. The cycle threshold values for all controls (without RT) were above 38, and no specific PCR product was detected (data not shown).
Yeast two-hybrid screen. Two-hybrid screening was performed using the Clontech (Palo Alto, CA) Matchmaker Gal4 Two-Hybrid System 3, according to the manufacturer's directions. Full-length gJ was cloned into pGBKT7 and used as bait to probe a cDNA library constructed from Jurkat cells (Clontech) in pACT2. Screening was performed under the highest-stringency conditions (synthetic dropout medium without Ade, His, Leu, and Trp and with 5-bromo-4-chloro-3-indoyl-␣-D-galactopyranoside (X-␣-Gal); for details, see the manufacturer's instructions). A total of 1.35 ϫ 10 6 independent cDNA clones were screened, resulting in approximately 200 yeast colonies, which grew under the higheststringency conditions and thus were candidates for expression of gJ-interacting proteins. Thirty-five of these were sequenced, revealing 26 unique clones appearing only once, a single clone appearing twice, and one clone, constituting the C-terminal portion of F o F 1 ATP synthase subunit 6, appearing seven times.
Transient transfection. Cells were transiently transfected with Lipofectamine 2000 (Invitrogen) according to the manufacturer's recommendations and incubated for 24 to 48 h prior to analysis.
Regulated expression of Us5/gJ. In the Jurkat cell line derivative Us5 ON/OFF (27) , Us5 expression was either allowed or repressed with 0.5 g/ml doxycycline. For generation of the EcR-293-gJ-expressing cell line (Ecdysone-inducible mammalian expression system; Invitrogen), Us5 sequences were cloned into the pIND/V5-HisA vector and transfected into EcR-293 cells, and a stable cell line was isolated under geneticin (600 g/ml) and zeocin (400 g/ml) selection. To induce expression of gJ, ponasterone A (PonA) (5 M) was added to the medium for 20 h.
Apoptosis induction and detection. Apoptosis was induced with 1 M staurosporine (STS) or 100 ng/ml of anti-fas (clone CH-11; MBL) for the indicated time. To measure activated caspase 3, cells were fixed with 2% paraformaldehyde for 20 min at room temperature, permeabilized with 0.2% Tween for 15 min at 37°C, and then incubated with fluorescein isothiocyanate-conjugated rabbit antiactive caspase 3 (Pharmingen), which specifically recognizes the large subunit of cleaved, activated caspase 3 but does not bind inactive procaspase 3. The stained cells were analyzed for green (FL1) fluorescence, using a Becton Dickinson FACSCalibur flow cytometer (488-nm argon laser excitation source). Caspase 3 activity was determined using the ApoAlert caspase 3 assay (Clontech). Visualization of apoptotic cells was performed by incubating the cells in phosphatebuffered saline (PBS) containing ethidium bromide (2 g/ml) and acridine orange (1 g/ml) and counting a minimum of 200 cells using an epifluorescence microscope. Apoptotic cells showed either green fragmented nuclei (early apoptotic) or red fragmented nuclei (late apoptotic), while intact cells had unfragmented green nuclei.
Cell fractionation. HEp-2 cells were grown overnight in a 75-cm 2 dish and infected at an MOI of 5 for 9 h. They were then washed twice with PBS, scraped into 2 ml of ice-cold lysis buffer (25 mM MES [morpholineethanesulfonic acid], 150 mM NaCl, pH 6.5, with 0.5% Triton X-100), incubated for 20 min on ice, Dounce homogenized (10 strokes), and cleared by centrifugation for 5 min at 2,000 rpm at 4°C. After collection of the supernatant, an equal volume of 80% sucrose solution was added to adjust the cell lysate to 40% sucrose; 1 ml of this mixture was overlaid sequentially with 3.5 ml of 30% sucrose and then 0.5 ml of 5% sucrose. After centrifugation of the sample at 240,000 ϫ g for 18 h at 4°C in a Beckman SW55Ti rotor, 12 equal fractions were collected from the sucrose gradient. Protein from each fraction was precipitated in 10% trichloroacetic acid for 10 min at Ϫ20°C and centrifuged at 14,000 rpm for 5 min at 4°C. The pellets were then washed with 90% acetone solution, resuspended in 1ϫ sample loading buffer, boiled, separated onto a 4 to 12% Bis-Tris gel, transferred onto nitrocellulose membrane, and immunoblotted.
Antibodies and immunofluorescence reagents. The following primary antibodies were used: anti-hemagglutinin (HA) and anti-c-myc (1:1,000; Clontech), anti-flotillin and anti-insulin receptor ␤ (both 1:250; BD Transduction Laboratories), anti-caspase 3 (1:1,000; BD Transduction Laboratories), anti-caspase 9 (Ab-2; Oncogene), anti-actin and anti-gB clone 10B7 (1:1,000; Virusys), anti-gC clone 3G9 (1:1,000; Virusys), anti-FLAG clone M2 (1:1,000; Sigma), anti-TGN46 (1:1,000; Serotec), anti-LAMP1 (1:200; Affinity Bioreagents), anti-Rab5 and anti-calnexin (both 1:100; Stressgen), anti-giantin (1:500; Covance), anti-cytochrome c (1:1,000; PharMingen), anti-oligomycin sensitivity-conferring protein (OSCP) (1:1,000; Molecular Probes), and anti-COX IV (1:1,000; Cell Signaling). Secondary antibodies used for immunoblotting were horseradish peroxidaseconjugated goat anti-mouse immunoglobulin G (IgG) or horseradish peroxidaseconjugated goat anti-rabbit IgG (1:1,000; Cell Signaling). For indirect immunofluorescence, the following secondary antibodies were used at a dilution of 1:1,000: Cy3-conjugated donkey anti-sheep IgG, Cy3-conjugated goat antimouse, fluorescein isothiocyanate-conjugated goat anti-rabbit (Jackson Immunoresearch), and Alexa 488-conjugated goat anti-mouse (Molecular Probes). Mitochondria were stained by incubation of the cells at 37°C with MitoTracker red (Molecular Probes) added to the culture medium at a final concentration of 0.5 M prior to fixation.
Immunoblotting. Cells were harvested and lysed in RIPA buffer. Protein concentrations were determined using a bicinchoninic acid protein assay (Pierce), and equal amounts of protein were separated in 4 to 12% Bis-Tris gel with MES running buffer (Invitrogen) and transferred onto a nitrocellulose membrane (Invitrogen). The membranes were blocked for 1 h at room temperature with 5% milk in PBS prior to being immunoblotted with primary antibodies, followed by horseradish peroxidase-conjugated secondary antibodies. Reactive bands were visualized on autoradiographic film (Kodak) using the Supersignal West Pico chemiluminescent substrate (Pierce).
Immunofluorescence microscopy. HEp-2 cells were grown overnight to 70 to 80% confluence on glass coverslips in six-well plates and then transfected or infected with HSV-1 for the indicated time. The cells were then washed, fixed in 2% methanol-free formaldehyde (Polysciences, Inc.) for 20 min at room temperature, and permeabilized in acetone (Sigma) at Ϫ20°C for 4 min. For indirectimmunofluorescence staining, the cells were blocked in PBS with 5% bovine serum albumin (or 5% normal donkey serum for anti-TGN46) overnight at 4°C prior to incubation with primary antibodies for 1 h, followed by incubation with secondary antibodies for 45 min at room temperature. Finally, the cells were mounted on slides in 0.1% Mowiol (anti-fade agent; Sigma) and 2.5% 1,4-diazabicylo[2.2.2]-octane (antioxidant; Sigma) used as an antibleaching agent and sealed with clear nail polish. The slides were left at least overnight at 4°C before being viewed using the DeltaVision microscopy system. Cellular ATP levels. For HSV-infected cells and tetracycline-regulated Us5/gJ tranfectants, cellular ATP levels were determined using the Calbiochem ATP assay kit. The cells were diluted to 10 5 /ml, and 0.2 ml cell suspension was mixed with 0.2 ml releasing reagent in a cuvette as described in the manufacturer's instructions. Luciferase reagent (0.1 ml) was injected into the cuvette, and ATP levels were determined using a Monolight luminometer (Analytical Luminescence Laboratory, San Diego, CA).
For oligomycin-treated cells, ATP levels were measured in either normal or glucose-free medium, using the Roche ATP bioluminescence assay kit. The cells were treated with 2.5 M oligomycin at 37°C for 60 min, and cellular ATP was extracted by suspending 0.1 ml of the cell suspension (5 ϫ 10 5 cells/ml) in 0.05 ml dilution buffer and 0.05 ml of cell lysis reagent, followed by incubation at room temperature for 5 min. ATP levels were measured in an Auto Lumat LB953 luminometer (Berthold Technologies, Wildbad, Germany), using 0.1 ml culture extract injected with 0.1 ml luciferase reagent.
Measuring whole-cell ROS with H2DCFDA. HSV-infected or control Jurkat cells were washed in PBS and pelleted at 1,200 rpm for 5 min. The cells were resuspended in 500 l PBS containing 0.5 ⌴2Ј,7Ј-dichlorofluorescein diacetate (H2DCFDA) (Molecular Probes). The cells were incubated in the dark at room temperature for 15 min and analyzed immediately by flow cytometry. RAW264.7 cells were allowed to adhere in 12-well plates for 1 h, incubated in 0.5 ⌴ H2DCFDA, washed with PBS, and infected at an MOI of 5 for 6 h prior to collection and analysis by flow cytometry on an LSR cytometer (BD Biosciences).
RESULTS
Expression and regulation of gJ.
The only previously reported cellular function of gJ was its ability to inhibit apoptosis (3, 27, 28, 47) . In many cell types, HSV induces an antiapoptotic state, starting 4 to 6 h after infection (1). We therefore evaluated the kinetics of Us5/gJ expression during HSV infection. In infected Vero cells, Us5 mRNA could first be detected 4 h after infection and increased over 24 h (Fig. 1A) . We next evaluated the expression of gJ. In HSV-infected cells, gJ could not be detected using antisera raised either to a cocktail of three predicted immunogenic peptides from gJ or to a Us5-maltose binding protein fusion (kindly provided by B. Roizman [9] ; data not shown). Either antiserum could easily detect overexpressed gJ in transfected cells (data not shown), suggesting that gJ may be produced at relatively low levels during HSV infection. We therefore constructed a recombinant virus containing a C-terminal epitope-tagged gJ (FUs5FLAG). Upon probing infected cell lysates with anti-FLAG antibody, protein could first be detected at 6 h postinfection and reached nearmaximal levels by 8 h postinfection (Fig. 1B) . Thus, the expression kinetics of Us5/gJ correlate well with the so-called apoptosis "prevention window" during HSV infection.
Previously, two forms of gJ (10 and 17 kDa) were described in insect Sf9 cells infected with recombinant baculovirus containing the Us5 gene, and the two forms were ascribed to differential glycosylation (17) . Similarly, in FUs5FLAG-infected mammalian cells, two forms of gJ are detected, migrating at approximately 12 kDa and 18 kDa. The slower-migrating 18-kDa form appears to result from glycosylation of the fastermigrating 12-kDa product, since addition of the glycosylation inhibitor tunicamycin during infection increased the relative abundance of the 12-kDa product and depleted the 18-kDa product (Fig. 1C) . Interestingly, the lower-molecular-mass form was not observed in infected HEp-2 cells or HF unless they were treated with tunicamycin. In untreated Vero cells, both forms could be observed, although the relative abundance of the lower-molecular-mass form was increased by tunicamycin treatment. Additionally, gJ appeared to be expressed at low levels in infected cells, since detection by immunoblotting using anti-FLAG antibody required extended exposure times. This was in contrast to other HSV glycoproteins, such as gB (Fig. 1D ) or gC (not shown), which could be easily detected in the same cell lysates with very brief exposure times. While the use of different detection antibodies precludes direct comparison, the simplest interpretation of these results is that gJ is produced at low levels relative to the other glycoproteins in HSV-infected cells.
The other glycoproteins of HSV are regulated as late, or ␥, genes; that is, their synthesis correlates with the onset of viral DNA replication (41) . The ␥ genes can be further subdivided into ␥1 genes, whose expression precedes viral DNA replication but increases once viral DNA replication commences, and ␥2 genes, which are transcribed at significant levels only after viral DNA synthesis (41) . We therefore evaluated the expression class of gJ in cell lines infected with wild-type virus or virus containing epitope-tagged gJ. In Vero cells, treatment with the DNA synthesis inhibitor acyclovir substantially reduced the expression of Us5 mRNA (Fig. 2A) . The effect was even more Tunicamycin was added from 3 h postinfection for the duration of the infection. Anti-FLAG and anti-gB MAbs were used to detect gJ and gB, respectively. Exposure times were as follows: 5 min (C) and 10 seconds (D). MW, molecular weight. pronounced in HF, in which Us5 mRNA was not detected in the presence of acyclovir. Similar results were seen at the protein level. Both Vero and HEp-2 cells showed substantially less gJ in the presence of another DNA synthesis inhibitor, phosphonoacetic acid (PAA), than untreated control cells (Fig.  2B) . gJ expression was more sensitive to PAA than was expression of gB but less sensitive than expression of gC. Thus, Us5 appears to be regulated as a ␥1 gene, showing partial dependence on HSV DNA replication for its expression.
A number of HSV genes have been implicated as playing indirect roles in apoptosis; that is, they do not exert antiapoptotic activity themselves but presumably instead regulate the expression of other proteins that have direct antiapoptotic activity. Among these is ICP22. Deletion of ICP22 has been reported to cause a modest decrease in the antiapoptotic function of the virus (4) . Mutation of the C-terminal portion of ICP22 leads to reduced expression of a subset of HSV ␥ proteins (39) . We therefore asked whether expression of Us5 was dependent upon ICP22. At 16 h after infection of Vero cells or HF, virus with deletion of ICP22 produced lower levels of Us5 mRNA than wild-type virus ( Fig. 2A) . To determine whether this might result from a delay in Us5 expression, we performed a time course experiment similar to that in Fig. 1 . We found that virus with deletion of ICP22 expressed Us5 mRNA with delayed kinetics, so that Us5 mRNA did not begin to accumulate until approximately 16 h postinfection (Fig. 2C) . Thus, the expression of Us5 is delayed in the absence of ICP22, but Us5 is not absolutely dependent upon ICP22 for its expression.
Cellular localization of gJ. HSV glycoproteins typically are found in abundance on the cell surface and can localize to other cell membranes, as well (45) . We had previously shown that gJ can inhibit mitochondrion-dependent apoptosis. Therefore, we investigated whether gJ is localized to the mitochondria. HSV-1-infected HEp-2 cell lysates were fractionated on a discontinuous sucrose gradient, and the resulting fractions were analyzed by immunoblotting. When cell lysates of HEp-2 cells infected with FUs5-FLAG were analyzed using anti-FLAG antibody, gJ was detected in two series of fractions that were distinct from the fractions containing the mitochondria, which were identified with antibodies recognizing cytochrome c, OSCP, and Cox IV (Fig. 3A) . These data suggest that gJ is not predominantly localized to the mitochondria, but instead, to another membrane organelle(s).
To determine more precisely the cellular distribution of gJ, we used an immunolocalization approach. Using the DeltaVision microscopy system, we found that epitope-tagged gJ was widely distributed within HSV-infected cells. A majority of intracellular gJ appeared to localize to the endoplasmic reticulum (ER), trans-Golgi network, and early endosomes (Fig.  3B) . A smaller fraction of gJ could be detected in the mitochondria, Golgi apparatus, and lysosomes. Thus, gJ is distributed widely to membrane compartments within infected cells. Furthermore, a similar distribution of gJ was observed in cells transfected with plasmids expressing N-or C-terminally tagged gJ (Fig. 3B) , suggesting that the cellular distribution of gJ is not dependent upon the activities of other viral gene products.
Binding partners for gJ. We hypothesized that gJ might exert its antiapoptotic function via a protein-protein interaction. To identify cellular proteins interacting with gJ, we performed yeast two-hybrid screening using gJ as bait to probe a cDNA library constructed from Jurkat cells (Clontech, Palo Alto, CA). Our screen was performed using the Clontech Matchmaker Gal4 Two-Hybrid System 3, under the higheststringency conditions (synthetic dropout medium without Ade, His, Leu, and Trp and with X-␣-Gal). A total of 1.35 ϫ 10 6 independent cDNA clones were screened, resulting in approximately 200 yeast colonies, which grew under the highest-stringency conditions and thus were candidates for expression of gJ-interacting proteins. Thirty-five of these were sequenced, revealing 26 unique clones appearing only once, a single clone (snapin) appearing twice, and one clone, constituting the Cterminal portion of F o F 1 ATP synthase subunit 6, appearing seven times. The seven F o F 1 ATP synthase subunit 6 clones found in our two-hybrid screen were independent, each with a different start point in the subunit 6 sequence. The shortest binding clone expressed the C-terminal 43 amino acids of F o F 1 ATP synthase subunit 6. Using the same two-hybrid system, we retransfected the fragment of F o F 1 ATP synthase subunit 6, along with Us5/gJ, into yeast, again resulting in growth under high-stringency selection (Fig. 4A) . Growth was observed only when both gJ and F o F 1 ATP synthase subunit 6 were cotransfected (Fig. 4A, wedge 2) , confirming the specificity of the interaction of these proteins in the two-hybrid system.
In an attempt to independently confirm the interaction of gJ with F o F 1 ATP synthase subunit 6, we constructed epitopetagged versions of each using the plasmids pCMV-myc and pCMV-HA (Clontech). N-terminal c-myc and HA-tagged versions of each protein were made. Both gJ and the F o F 1 ATP synthase subunit 6 fragment could be readily detected in transiently transfected HEp-2 cells by Western blotting (not shown), with both the 12-and 18-kDa forms of gJ present. However, we were unable to reproducibly coimmunoprecipitate gJ and F o F 1 ATP synthase subunit 6, suggesting that the binding affinities for these two proteins are too low to consistently detect their interaction in cell lysates.
To define more precisely the minimal binding fragment of gJ, we made a series of mutants of gJ lacking the signal sequence, intracellular domain, transmembrane domain, or extracellular domain (Fig. 4B ) and evaluated their abilities to interact with the F o F 1 ATP synthase subunit 6 fragment in the two-hybrid system. We found that the full-length gJ and the truncation containing amino acids 1 through 74 were able to interact with the F o F 1 ATP synthase subunit 6 fragment (Fig.   4C ), suggesting that the intracellular domain of gJ was not required for the interaction. The other mutant forms of gJ did not interact with F o F 1 ATP synthase subunit 6, suggesting that the signal sequence, extracellular domain, and transmembrane domain are all required for the interaction in the two-hybrid system.
Antiapoptotic effect of gJ. We previously described Jurkat T cells transfected with a tetracycline-inducible gJ expression vector, which we used to demonstrate that expression of gJ protects cells from apoptosis mediated by UV, fas, or perforin plus granzyme B (27) . However, recent work suggests that HSV infection has both pro-and antiapoptotic effects. In T cells, the balance of these effects ultimately leads to apoptosis (22, 25, 26, 38) . Similarly, in the macrophage cell line RAW264.7, infection with wild-type virus strain F induced a modest but reproducible degree of apoptosis (Fig. 5A) . Deletion of Us5 (strain RAS116) rendered the virus much more strongly proapoptotic, while the repaired strain, RAS137, induced wild-type levels of apoptosis, confirming the function of gJ in limiting apoptosis in immune cells. In contrast to the results in T cells and macrophages, in nonimmune cells, such as epithelial cells and fibroblasts, the HSV antiapoptotic mechanisms predominate, and infection of such cells does not nor- 
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on November 12, 2017 by guest http://jvi.asm.org/ mally lead to apoptosis (18) . We therefore considered the possibility that gJ might function differently in nonimmune cell types. To determine whether gJ was sufficient to protect nonimmune cells from apoptosis, we transfected EcR-293 cells with gJ under the control of an ecdysone-inducible promoter.
In agreement with our previous findings in Jurkat cells, induction of gJ expression with PonA was sufficient to protect EcR-293 cells from fas-induced apoptosis (Fig. 5B) . The immediate-early protein ICP27 has been shown to be required for the antiapoptotic effects of HSV (2, 4). Infection with virus strains having deletion of the gene encoding ICP27 (vBS⌬27) strongly induces apoptosis in many cell types (2). However, rather than a direct effect, ICP27 is thought to act by promoting the expression of other antiapoptotic proteins (1). We therefore asked whether expression of gJ in trans might complement the proapoptotic defect in cells infected by virus with ICP27 deleted. We found that expression of gJ protected vBS⌬27-infected Jurkat T cells from morphological changes of apoptosis, such as nuclear fragmentation (Fig. 5C) . Similarly, Jurkat T cells infected with vBS⌬27 showed almost complete cleavage of caspases 3 and 9 (seen as the absence of bands detectable with antibody to full-length caspase 3 or 9 [ Fig. 5D ]) compared to mock-infected cells or control cells infected with the parental strain, KOS1.1. However, vBS⌬27-infected cells expressing gJ had levels of caspase 3 and 9 cleavage similar to those of mock-infected cells or control cells infected with the parental strain, KOS1.1 (Fig. 5D) . These results suggest that the proapoptotic effect of infection by vBS⌬27 in T cells results, at least in part, from the reduction of gJ expression.
To define the minimal domains of gJ required for the inhibition of apoptosis, we used the mutant forms of gJ shown in highly effective inhibitor of apoptosis would have only a partial protective effect on a population consisting of a mixture of transfected and untransfected cells. Our expectation was confirmed by transient transfection of HEp-2 cells with the strong apoptosis inhibitor Bcl-X L , which showed a partial (but highly reproducible) decrease in STS-induced apoptosis compared to an empty-vector control (Fig. 6A) . To control for the possibility of nonspecific effects, we also transfected HEp-2 cells with genes encoding snapin or the F o F 1 ATP synthase subunit 6 fragment. Consistent with our expectation, neither the F o F 1 ATP synthase subunit 6 fragment nor snapin showed any antiapoptotic activity (Fig. 6A) . We then tested myc-tagged fulllength gJ and myc-tagged mutant forms of gJ, as shown in Fig.  4 . Consistent with our previous results (27) , expression of fulllength gJ was antiapoptotic, and in fact, in these experiments, it showed somewhat stronger inhibition than Bcl-X L, although the difference between gJ and Bcl-X L did not reach statistical significance (Fig. 6A) . These findings also confirm that the N-terminal myc tag did not interfere with the antiapoptotic function of gJ. Mutants 1-74 and 25-74 showed inhibition of apoptosis nearly as strong as full-length gJ, suggesting that the intracellular domain is not required for the full antiapoptotic effect. In addition, mutants 25-92 and 50-92 also had a weaker but reproducible antiapoptotic effect. Since all the gJ truncations able to inhibit apoptosis shared the transmembrane domain, we asked whether the transmembrane domain was essential for antiapoptotic function. Unlike mutant 1-74, mutants missing part or all of the transmembrane domain (amino acids 50 to 70) were unable to effectively inhibit apoptosis (Fig. 6B) . However, mutants missing part or all of the transmembrane domain also did not produce detectable levels of protein (data not shown), so it was not possible to determine whether the failure to block apoptosis reflects a direct role for the transmembrane domain in the antiapoptotic effect or instead reflects an indirect role for the transmembrane domain, perhaps by modification of mRNA or protein stability.
Recently, it has been reported that the latency-associated transcript of HSV mediates protection of neurons from apoptosis by encoding a microRNA that downregulates transforming growth factor ␤1 and SMAD3 (21) . To determine whether the protective effect of Us5 expression might be mediated by RNA or instead required the production of protein (gJ), we constructed a mutant form of Us5 (mUs5) with deletion of the translational start site and addition of a frameshift mutation immediately following the mutated start site. HEp-2 cells transfected with this construct synthesized Us5 mRNA, but not gJ (not shown). We then tested HEp-2 cells transfected with the wild-type or mUs5 and evaluated protection from STSinduced apoptosis. While wild-type gJ again showed protection from apoptosis in these experiments (Fig. 6C) , the mutant on November 12, 2017 by guest http://jvi.asm.org/ form of Us5 gave no protection, confirming that gJ, rather than the Us5 mRNA, is the mediator of antiapoptotic function. Effects on ATP synthesis and ROS production. F o F 1 ATP synthase is one component of the respiratory chain responsible for oxidative phosphorylation in the cell. We therefore investigated the effects of HSV and gJ on ATP levels in infected cells. Although one report in the literature suggests that infection of HEp-2 with HSV results in a decrease in ATP levels (36), we did not observe this in Jurkat cells, and instead, ATP levels were stable after HSV infection (Fig. 7) . This is perhaps not surprising, given that certain events in HSV replication, such as DNA packaging and capsid maturation, are ATPdependent processes (11) . Furthermore, we saw no difference in ATP levels after infection with wild-type, Us5 deletion (RAS116), or rescue (RAS137) virus. Similarly, no difference in ATP levels after infection with these viruses was observed whether evaluated in the presence of substrate for glycolysis (normal media) (Fig. 7A) or glucose-free media (Fig. 7B) . As a complementary approach, we evaluated the effect of exogenously expressed Us5/gJ on cellular ATP levels (Fig. 7C) . Again, we saw no difference between cells with Us5/gJ expression induced and those with Us5/gJ expression repressed. These results were in contrast to those with the F o F 1 ATP synthase inhibitor oligomycin, which is thought to inhibit apoptosis by depleting cellular ATP stores. Oligomycin had no effect on ATP levels in the presence of glucose (Fig. 7D ) but strongly depressed ATP levels in the absence of substrate for glycolysis (Fig. 7E) . We interpret these experiments as demonstrating that the inhibition of apoptosis by gJ is not dependent on suppression of cellular ATP levels.
A second possible effect of inhibition of complexes within the respiratory chain is leakage of electrons into the mitochondrial matrix or cytoplasm. We therefore asked whether HSV infection in general, and gJ in particular, might lead to an increase in oxidative stress in infected cells. To test this hypothesis, we infected Jurkat cells with wild-type HSV, Us5 deletion virus, or rescue virus for 5 h and measured ROS using 2Ј,7Ј-dichlorofluorescein diacetate. Infection with wild-type HSV led to a marked increase in ROS production in Jurkat cells (Fig. 8A) . In contrast, infection with the gJ deletion virus caused little increase in ROS production compared to uninfected cells. The rescue virus expressing gJ regained the ability to induce ROS. In the macrophage cell line RAW, infection with wild-type or rescue virus did not lead to ROS levels above those of uninfected cells (Fig. 8B) . However, ROS levels were significantly higher in cells infected with wild-type or rescue virus compared to cells infected with the gJ deletion virus (Fig.  8B ). This suggests that HSV infection may simultaneously induce and inhibit ROS production and that the balance of these effects differs between cell types. To determine whether gJ was sufficient to cause the induction of ROS, we used the inducible tet-off Jurkat system. In agreement with our results using deletion and rescue virus, induction of gJ expression led to an increase in ROS (Fig. 8C) . Taken together, these results demonstrate that gJ is the protein responsible for HSV induction of ROS in infected cells and that gJ itself is sufficient to induce ROS.
DISCUSSION
In this paper, we describe the expression, localization, and cellular effects of the protein product of the HSV Us5 gene, gJ. Us5/gJ has been much less studied than the other glycoproteins of HSV. This likely results from two factors. First, unlike some of the other HSV glycoproteins, gJ is not involved in viral binding or entry and, as such, is not required for viral replication in vitro. Second, gJ is synthesized at much lower levels than other glycoproteins, such as gB or gC. Taken together, these characteristics may have led to a presumption that gJ is likely to be less important to the biology of HSV. Indeed, no function was ascribed to gJ until its antiapoptotic properties were described (28) . However, we consider it unlikely that Us5/gJ would have been retained during viral evolution if it were truly irrelevant to HSV biology.
Although gJ in some ways appears unique, it does share certain characteristics with the other HSV glycoproteins. For example, either gJ or gD can rescue cells from apoptosis induced by HSV with deletion of gD (47) . The current study demonstrates that gJ is similar to other HSV glycoproteins in that it is regulated as a late, or ␥, gene. The HSV ␥ genes can be subdivided into leaky late (␥1) genes, which are only partially dependent upon viral DNA replication for their expression, and true late (␥2) genes, which, in contrast, are not expressed in the absence of viral DNA replication. Certain HSV glycoproteins, such as gB, are considered ␥1 genes, while others, such as gC, are considered ␥2 genes. However, it has become increasingly clear that the strict definitions of ␥1 and ␥2 in fact represent the extremes of a continuum of late-gene expression. gJ regulation varies somewhat between cell types but appears to meet the definition of a ␥1 gene, having significant but not strict dependence upon viral DNA replication for its expression.
The paucity of work concerning gJ is illustrated by the fact that only a single previous publication has shown unequivocally that gJ is actually produced in HSV-infected cells. Ghiasi et al. showed expression of gJ in HSV-infected rabbit skin (RS) cells using antisera raised to baculovirus-expressed gJ (17) . In that study, gJ was detected on the surfaces of infected RS cells. Our current study is consistent with these previous findings but extends them to demonstrate that gJ is actually found predom- Before this study, the only reported function of gJ was its ability to inhibit apoptosis (3, 27, 28, 47) . We reasoned that the ability of Us5 to modulate apoptosis would likely be mediated by a protein, an assumption confirmed by the inability of Us5 mRNA to mediate any effect. In an attempt to identify possible cellular targets for protein-protein interactions, we used the yeast two-hybrid approach. Because it requires the interaction between the bait and prey proteins to occur within the nucleus, the yeast two-hybrid screen can be problematic for those transmembrane proteins that misfold or are unstable when they attempt to localize to the nucleus (12) . On the other hand, the two-hybrid approach has been used successfully for many transmembrane proteins, and thus, we considered the twohybrid system a potentially promising approach to identify binding partners for gJ. By the two-hybrid approach, we were able to identify an interaction between gJ and subunit 6 of F o F 1 ATP synthase.
The F o F 1 ATP synthase is the primary enzyme responsible for ATP synthesis in prokaryotes and eukaryotes, and it exists as a large complex of about 600 kDa with 16 to 18 subunits in mammals (8) . Of possible relevance to the antiapoptotic function of gJ, several groups have implicated F o F 1 ATP synthase in the regulation of cell death. Using complementation cloning methods, subunits of F o F 1 ATP synthase were identified as critical for Bax-mediated killing of Saccharomyces cerevisiae (34) . ATP4 and ATP2 yeast, which lack subunits of the F o component of ATP synthase, are resistant to Bax-mediated death (20, 33) . Similar results were obtained using a complementation approach to identify antisense cDNA molecules that could inhibit glucocorticoid-induced apoptosis of thymocytes (42) . While this screen identified subunit 6 of F o F 1 ATP synthase multiple times, it did not identify other subunits. The involvement of F o F 1 ATP synthase in apoptosis is supported by the finding that STS-or calphostin-induced apoptosis can be inhibited by the macrolide antibiotic oligomycin, which interferes with the function of F o F 1 ATP synthase (24, 31) .
Although it appears that F o F 1 ATP synthase is important for the regulation and execution of apoptosis, the exact role that this molecule plays remains unclear. Apoptosis has certain ATP-dependent steps, such as activation of caspase 9 by the apoptosome (13) . Thus, the inhibition of apoptosis by oligomycin might reflect inadequate levels of cytoplasmic ATP for the apoptotic program. In at least some systems, however, ATP generated by glycolysis is sufficient to allow apoptosis, and our work and that of others (31) suggest that oligomycin inhibits apoptosis most effectively in situations where glycolysis is limited. A mechanism for gJ dependent upon depletion of ATP would appear unlikely in our system, since neither HSV nor gJ had an effect on cellular ATP, regardless of the presence or absence of glycolytic substrate. Alternatively (and of possible relevance in the context of HSV infections), a significant amount of F o F 1 ATP synthase can be found on the plasma membrane (10), and in keratinocytes, plasma membrane F o F 1 ATP synthase has been shown to generate extracellular ATP (7) . These authors suggested that locally elevated ATP levels might be required for keratinocyte apoptosis induced by the P2X7 receptor. Thus, gJ might affect ATP levels at certain subcellular sites critical for apoptosis, although our current methodology does not allow us to address this.
Quantitative or qualitative defects in F o F 1 ATP synthase function have been reported to result in the production of ROS (23) , and thus, we predicted that gJ might be associated with ROS production, as well. Indeed, gJ was necessary for the induction of ROS in HSV-infected cells, since mutant virus with deletion of Us5 did not induce ROS. In addition, gJ was sufficient to induce ROS production, since gJ-expressing cells showed increased ROS. These findings are consistent with other situations of disruption of ATP synthase function, in which the failure to fully utilize the proton gradient across the inner mitochondrial membrane leads to leakage of electrons into the mitochondrial matrix or cytoplasm and ROS production. For example, it has been reported that mutation of subunit 6 of F o F 1 ATP synthase in the genetic disorder neurogenic ataxia retinitis pigmentosa leads to increased production of ROS (16) . Similarly, inhibition of F o F 1 ATP synthase with oligomycin can induce increased ROS (29) . However, this interpretation must be reconciled with the lack of a detectable decrease in ATP levels in gJ-expressing cells, since this is another logical outcome of ATP synthase inhibition. One possible explanation is that detectable ROS production is a more sensitive indicator of partial inhibition of ATP synthase function than is the total cellular ATP level.
HSV infection has both pro-and antiapoptotic effects on infected cells. In nonimmune cells, such as epithelial cells and fibroblasts, the antiapoptotic mechanisms predominate, and HSV infection of such cells does not normally lead to apoptosis (18) . In contrast, in T cells, the balance of these effects ultimately leads to apoptosis (22, 25, 26, 38) . Interestingly, infection of RAW264.7 cells with wild-type virus also induced apoptosis, and the induction of apoptosis was much greater using Us5 deletion virus. We are currently working to understand the basis for the differential apoptotic responses of immune and nonimmune cells to HSV infection. Clearly, gJ can inhibit apoptosis in both immune and nonimmune cells, arguing against the possibility that the antiapoptotic mechanisms of HSV are inoperative in immune cells. Instead, we consider it more likely that HSV has proapoptotic functions that are preferentially effective in immune cells. It is tempting to speculate that the ROS production observed in Jurkat and RAW264.7 cells might be related to their apoptotic phenotypes. However, the effects of ROS on apoptosis are complex, with both proand antiapoptotic effects reported (32) . The addition of ROS inhibitors to our system had variable effects on HSV-induced apotosis of RAW264.7 cells, depending on the inhibitor used (M. Aubert and K. R. Jerome, unpublished data). Thus, the relationship of ROS production to apoptosis in the context of HSV infection remains unclear.
Taken together, our work demonstrates that gJ is produced in HSV-infected cells and distributed to a variety of membrane compartments. gJ is able to modulate certain cellular processes, specifically, apoptosis and ROS generation. Together with the long-term evolutionary conservation of gJ, these find-
